Metamaterials, rationally designed multiscale composite systems, have attracted extensive interest because of their potential for a broad range of applications due to their unique properties such as negative Poisson's ratio, exceptional mechanical performance, tunable photonic and phononic properties, structural reconfiguration, etc. Though they are dominated by an auxetic structure, the constituents of metamaterials also play an indispensable role in determining their unprecedented properties. In this vein, 2D materials such as graphene, silicene, and phosphorene with superior structural tunability are ideal candidates for constituents of metamaterials. However, the nanostructure-property relationship and composition-property relationship of these 2D material-based metamaterials remain largely unexplored.
Introduction
Recent years have witnessed the explosive growth of research into metamaterials, rationally designed multiscale composite systems which exhibit material properties not found in most conventional materials, due to their potential for a broad range of applications. [1] [2] [3] [4] [5] [6] The unique properties of these materials, e.g. negative Poisson's ratio, 5, 7, 8 superior mechanical performance [9] [10] [11] and structural reconguration, [12] [13] [14] are usually dominated by their structure, although the inuence of their composition cannot be neglected either. Among candidates for constituents of metamaterials, two-dimensional materials with one-atom thickness have attracted signicant interest due to their unique physical and chemical properties. 1, 2, 7, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Lattice metamaterials made of two-dimensional materials such as graphene have attracted extensive research interest, indicating great potential in applications such as exible electronic devices, 5, [27] [28] [29] [30] photonic and phononic devices, [31] [32] [33] [34] and mechanically controllable thermal devices. 5, [35] [36] [37] However, the microstructure-property relationship and composition-property relationship of metamaterials made of two-dimensional materials remain an open question. Previous research studies set up a solid foundation for future studies investigating the structure-property relationship for 2D lattice structures. 5, 25, 38, 39 For 2D lattice structures with multiple cut patterns, several theoretical models have been proposed to predict the microstructure-property relationship, which could not be well explained through classical theory in composite materials. 5, 25 Other studies focus on edge termination problems for 2D lattice structures made of 2D materials, which is a critical issue for mechanical performance and structural stability. 38, 39 Despite these remarkable advances, the composition-property relationship has long been overlooked. For example, twodimensional materials with a highly symmetric crystalline structure, such as graphene, 40 silicene, 41 and molybdenum disulde, 42 exhibit isotropic mechanical properties while other materials with less symmetric structures, such as phosphorene, 43 are highly anisotropic along in-plane directions. The intrinsic mechanical anisotropy has potential to promote the tunability of mechanical properties of the associated metamaterials. Another important factor is the Föppl-von Kármán number, 44, 45 an indication of the ratio between in-plane stiffness and out-of-plane bending stiffness, with high numbers corresponding to membranes that more easily bend and crumple than they stretch and shear. Graphene exhibits exceptional inplane stretching stiffness, around 1 TPa in both armchair and zigzag directions, 46 due to the strong covalent bonding between adjacent carbon atoms, while the bending stiffness is signicantly low due to its ultra-low thickness, ranging from 0.83 to 1.61 eV as measured experimentally 7 and calculated theoretically. 47, 48 In contrast, the in-plane stiffness of molybdenum disulde is moderate, around 330 GPa, compared to graphene, while the bending stiffness (8.7-13.4 eV) 49 is much higher than that of graphene due to its three-atom thickness. Consequently, with a low Föppl-von Kármán number, metamaterials made of materials like graphene could exhibit low stability compared to those made of materials like molybdenum, in which the out-ofplane buckling appears early under external mechanical loading. Overall, the mechanical anisotropy of 2D materials would signicantly inuence the stability and property tunability of the associated metamaterials. In this paper, we strive to address the above issue through coarse-grained molecular dynamics simulations, a widely accepted computational technique for two-dimensional materials, 50,51 with a focus on the relationship between mechanical anisotropy and negative Poisson's ratio.
In recent years, extensive efforts have also been put into designing microstructures and understanding deformation mechanisms for metamaterials with auxeticity, also known as negative Poisson's ratio. 1, 2, 52, 53 For most conventional engineering materials, transverse contraction (expansion) would happen in association with tension (compression) along the loading direction. Auxetic materials, however, will expand (shrink) transversely when they are axially stretched (compressed), which enhances the energy absorption capability and fracture toughness, and thus the stability and robustness of the associated nano-devices. [28] [29] [30] Various architectures, e.g. kirigami-based structures, 7, 19, 23 fractal hierarchical structures, 54, 55 and dimpled elastic sheets, 52 have been implemented in designing multifunctional materials. However, microstructures with a corrugated conguration, which may improve mechanical performance such as the stretchability of the associated metamaterials, have been overlooked. [56] [57] [58] Moreover, the J-shape mechanical responses 59 under external tension are intrinsically similar to those of many natural so bio-materials, [60] [61] [62] potentially improving the physiological compatibility of the corresponding nano-devices. 30, 63 Therefore, architectures with sinusoidally curved beams are implemented to design auxetic 2D lattice metamaterials. In this work, Section 2 will briey summarize the structural design of the proposed metamaterial and the computational techniques implemented here. In Section 3, simulation results are presented and discussed, and the specic focus is the effect of amplitude/wavelength ratio and stiffness ratio on the magnitude of negative Poisson's ratio. Finally, we conclude in Section 4 the deformation mechanism and effects of both geometrical factors and mechanical anisotropy on the auxetic behavior of the proposed 2D material system.
Computational methods and models
As discussed before, nanostructure designs with a curved conguration would dramatically improve the mechanical performance, such as stretchability, of 2D material systems. [56] [57] [58] In addition, the associated J-shape mechanical responses, similar to natural so bio-matter, could enable good biocompatibility for nano-devices for biomedical applications. 30, 63 Moreover, buckled structures are also promising in tuning phononic bandgaps, enabling many potential applications. 32 Therefore, as shown in Fig. 1(a) , two-dimensional networks with curved sinusoidal beams were created as the initial conguration. Three series of parameters, namely wavelength l, amplitude/wavelength ratio A and band width w, can be tuned here to investigate their effects on the mechanical properties of two-dimensional kirigami, especially Poisson's ratio. Note that A is calculated by dividing the amplitude of sinusoidal curves by wavelength l as shown in Fig. 1(a) . For further quantitative analysis, the beams involved are classied into two groups: an axial group parallel to the loading direction and a transverse group perpendicular to the loading direction.
As mentioned in the introduction, there are huge differences in mechanical properties among 2D materials, [40] [41] [42] [43] 53, [64] [65] [66] [67] which could bring interesting changes in the auxetic behaviors of 2Dmaterial-based nanostructures. However, there are few general molecular models which could be tuned to accurately reproduce the mechanical properties of different 2D material systems. In order to model interactions among particles, a generic coarsegrained molecular dynamics (CG-MD) model of 2D materials is used as shown in Fig. 1(b) , in which a squared lattice structure is connected by covalent bonds between adjacent particles. Each of those particles represents a cluster of atoms in a given 2D material system. The corresponding interactions can be divided into three categories, namely bond interactions which control the in-plane Young's modulus, angle interactions which dene the in-plane shear modulus, and dihedral interactions which affect the out-of-plane bending stiffness. One of the advantages of this generic CG-MD model is that the mechanical properties can be tuned through varying the interaction parameters in a decoupled manner. 51 For example, the Young's modulus along the x and y directions can be tuned through varying the stiffness of the b 1 and b 2 bonds respectively, as shown in Fig. 1(b) , which provides a robust way to represent different kinds of 2D materials with widely varied and anisotropic mechanical properties. Accordingly, the total potential energy is calculated based on the following expressions
for which detailed parameters can be found in Table 1 . Those parameters are extracted from a CG-MD model initially developed for graphene. 50 Specically, the bending stiffness in the current CG-MD model is two orders of magnitude higher to avoid buckling instability in the small strain regime. Note that most 2D materials behave linearly in the small strain regime while they exhibit strong non-linearity under large strains. [68] [69] [70] Notably the generic CG-MD may lose its capability in the large nonlinear deformation, but it suffices to study the Poisson's ratio of the proposed 2D lattice metamaterials in the small strain regime. Moreover, it would provide a theoretical limit for reference in the large strain regime. The simulation setup is briey summarized as follows. The simulation box was xed at 60 nm Â 60 nm Â 4 nm, in which periodic boundary conditions were applied along the x and y directions while shrink-boundary conditions were applied along the z direction. To perform a uniaxial tensile test, a straincontrolled loading method was adopted, in which a strain increment was added along the x direction every 10 000 time steps via elongation of the box while the lateral y direction was free to change through a pressure control set at 1 atm. The loading rate is around 1 Â 10 7 s À1 , falling into the conventional strain rate regime (10 7 to 10 9 s À1 ) as commonly used in molecular dynamics studies. [71] [72] [73] To eliminate the effect of thermal uctuations, temperature was controlled at around 1 K. Unless otherwise stated, time integration was performed on Nose-Hoover style non-Hamiltonian equations of motion from the isothermal-isobaric (NPT) ensemble, 74 in which the time step was set to 1 fs for both stability and accuracy. All the simulations were performed by implementing a parallel solver for molecular dynamics LAMMPS, 75 and the results were visualized through the OVITO 76 package.
Results and discussions

Deformation mechanism and geometry effect on Poisson's ratio
To obtain a comprehensive understanding of the auxeticity of our structure, the stress-strain and strain-strain behaviors of a typical sample were investigated rst, in which the amplitude/ wavelength ratio A is equal to 0.3, wavelength l ¼ 30 nm, and band width w ¼ 2.4 nm. As shown in Fig. 2(a) , the deformation history could be roughly divided into two stages, namely bending-dominated stage and stretching-dominated stage. The mechanical responses in the two stages are intrinsically different. In the bending-dominated stage, the axial group (marked in Fig. 1(a) ) experiences both tension and bending due to its initial curved shape while the transverse group undergoes pure bending induced by bending of the axial group, resulting in unconventional transverse expansion under axial tension as shown in Fig. 2(a) , which reveals a negative Poisson's ratio. In the bending-dominated stage, the local strain is much lower compared with the nominal strain of the whole sample, in which the deformation is mainly attributed to "rigid body rotation". Consequently, the global nominal stress increases slowly. Simultaneously, the lateral expansion along the y direction is almost linearly related to the axial strain along the x direction as shown in Fig. 2(a) , and the resultant Poisson's ratio is 0.625, which is in good agreement with the literature. 32 Note that in this stage the out-of-plane buckling can be neglected as shown in Fig. 2(b) . However, as the axial group is further "straightened" beyond a strain of 0.2, the transverse group tends to buckle to release its accumulated bending energy as we can see from Fig. 2(b) . Proles of the out-of-plane displacement can be found in Fig. S1 and S2 in the ESI material. † It can be seen that when the strain is below 0.2, the out-of-plane displacement for the entire structure is marginal, which is consistent with Fig. 2(b) . Accordingly, the transverse group shrinks, and the whole sample experiences a sharp transition from negative Poisson's ratio to positive Poisson's ratio as shown in Fig. 2(a) . In Fig. S1 and S2, † it can be seen that the outof-plane displacement for the entire structure quickly increases when the strain is larger than 0.2, in which the shape of the entire structure is sinusoidal from the loading direction. Moreover, as the axial group is gradually straightened, instead of bending, stretching starts to dominate. Consequently, the nominal stress increases dramatically as shown in Fig. 2(a) . The deformation patterns seen in the two different stages are further conrmed through the stress prole in the le-subgure of Fig. 3(a) . When the strain is equal to 0.1, it can be seen that the stress component s xx in the transverse group is around zero while s xx shows large variations in the axial group in which the stress is negative on one edge (compression) and positive (tension) on the other edge. Due to the unique structure, the transverse group cannot sustain loads along the x direction, while the axial group carries the most load along the x direction. Table 1 Parameters involved in the generic CG-MD potential for two-dimensional materials
Connection type
Analytical expression Parameters Moreover, forces along the x direction not only induce tension inside the axial group but also produce bending, which cause rotation of the junctions, which also helps straighten out the transverse group. Consistent with Fig. 2(b) , the out-of-plane coordinates of the whole sample are around zero as shown in the le sub-gure of Fig. 3(b) when strain is 0.1, indicating that there is no buckling in the bending-dominated stage. As the axial strain proceeds beyond 0.2, the load increment along the x direction can only generate minor bending moments due to the straightened shape of the axial group. Simultaneously, the axial group tends to be stretched rather than straightened under loads along the x direction. As shown in the right (0.4 strain) sub-gure of Fig. 3(a) , the stress component s xx is positive in most areas of the axial group, despite several minor regions with negative stress when strain is equal to 0.4, indicating that the deformation is stretching-dominated. Meanwhile, the transverse group shows signicant buckling as shown in the right (0.4 strain) sub-gure of Fig. 3(b) , in which positive and negative z coordinates are expressed alternatively in adjacent regions within a single strand. The energetic analysis results in Fig. 4 show the overall energy change classied as bond, angle and dihedral energy. As can be seen from Fig. 4(a) , bond and angle energy changes are the main contributors to the global potential energy variation, while the dihedral energy change is at least one order of magnitude smaller than the former two terms, indicating the relative domination of in-plane deformation. Note that the angle energy change is signicantly smaller than the bond energy change, indicating the larger role of bond energy towards in-plane deformation, which is consistent with the literature. 50 In accordance with Fig. 2(a) , when the strain is below 0.2 (bending-dominated stage), the potential energy undergoes a slow increase, as the deformation at this stage is mainly attributed to "rigid body motion". In contrast, in the stretching-dominated stage (>0.2 strain), the potential energy increases dramatically for all three terms, and most of the energy change comes from the axial group, as can be seen from Fig. 4(b) and (c). The transition between these two stages is reected in the sharp potential energy drop in the graphs for bond and angle energies, as well as the sharp increase in the dihedral energy of the transverse group, as shown in the insets of Fig. 4(b-d) .
As discussed in the literature, 32 the amplitude/wavelength ratio is typically set as a relatively large value, such as 1/3, to ensure signicant auxetic behaviors. However, a systematic understanding of the effect of amplitude/wavelength ratio is still lacking for topology optimization for proposed nanostructures. Next, a systematic parameter study is performed to understand the effect of amplitude/wavelength ratio (A) on the low-strain Poisson's ratio of the structure. As can be seen from Fig. 5(a) , the curves can be divided into two stages, consistent with the results seen in Fig. 2(a) . Interestingly, as A decreases, the critical strain for the transition from a negative Poisson's ratio to a positive Poisson's ratio will decrease, and is associated with an early out-of-plane buckling. Moreover, when A is 0.1, it can be seen that the strain-strain relation shows strong nonlinearity. Fig. 5(b) shows the relationship between the lowstrain Poisson's ratio and A, in which the given Poisson's ratio has been calculated via a linear tting of data points below a strain of 0.05. It can be observed that the magnitude of Poisson's ratio increases gradually and approaches 0.63, in good agreement with a value of 0.65 in the literature, 32 as A increases. Due to this saturation effect, an amplitude of 0.3, falling into the saturation regime, is chosen for the amplitude in simulations hereaer. Note that wavelength l and band width w also play an important role in the mechanical properties of the proposed 2D lattice structures, but these two geometrical parameters have a limited inuence on the magnitude of Poisson's ratio, 32 and are not investigated in this paper. Relevant results and discussions about the effect of wavelength l and bandwidth w could be found in Fig. S3 in the ESI material. †
Effect of mechanical anisotropy
As is extensively investigated in the literature, 2D materials can exhibit exceptional mechanical performance, and among 2D materials some are isotropic while others are anisotropic. [40] [41] [42] [43] [64] [65] [66] [67] Moreover, due to the anisotropy of the underlying material, the Poisson's ratio of this proposed 2D lattice structure strongly depends on the stiffness ratio between the axial group and the transverse group, in which mechanical anisotropy plays a very important role. Therefore, it would be interesting to study the effect of stiffness ratio between the x and y directions on the magnitude of the Poisson's ratio, in order to expand our results to a plethora of potential 2D materials. In this section, the stiffness ratio, dened as the ratio between the Young's moduli in the x and y directions, can be tuned by varying the bond stiffness in the y direction, while the bond stiffness (and Young's modulus) in the x direction remains constant. Note that for stiffness ratios 8 and 0.125, tensile tests are performed for the same sample along the x and y directions, respectively, which is also true for stiffness ratios 2 and 0.5. Fig. 6(a) shows the strain-strain responses for samples with different stiffness ratios ranging from 0.125 to 8. The general trend of the curves is consistent with those in Fig. 2 (a) and 5(a). However, signicant differences are seen for the Poisson's ratio between samples with different stiffness ratios as shown in Fig. 6(b) , in which the Poisson's ratio increases as the stiffness ratio increases. Additional all-atom molecular dynamics simulations are performed for isotropic molybdenum disulde and anisotropic phosphorene as shown in Fig. S4 in the ESI material. † It can be seen that the resultant Poisson's ratios can be well tted into the curve shown in Fig. 6(b) , indicating that the stiffness ratio, or the ratio between Young's moduli of the x and y directions, is the dominating factor in determining the Poisson's ratio of the proposed 2D lattice structure among the given intrinsic mechanical properties of the material used. It is interesting to note that, for some cases, there would be a sharp transition of Poisson's ratio from negative to positive, indicating the out-of-plane buckling in Fig. 6 as well as Fig. 2, 5 , and S3. † However, in other cases, there would be a smooth transition of Poisson's ratio from negative to zero as shown in Fig. 6 and S3 . † Potential causes for these differences are detailed as follows: rstly, the out-of-plane buckling results from competition between out-of-plane bending and in-plane bending of transverse groups as shown in Fig. 1(a) . Near the critical point, the huge bending energy stored in the transverse group would induce out-of-plane buckling. As shown in Fig. 4(b-d) , the bond and angle energies, indicators of in-plane bending, experience a sharp drop while the dihedral energy, an indicator of out-of-plane buckling, experiences a sharp increase. Overall, the critical strain depends heavily on the ratio between out-of-plane bending stiffness and in-plane bending stiffness. Secondly, without out-of-plane buckling, Poisson's ratio of the lattice structures would experience a smooth transition from negative Poisson's ratio to zero Poisson's ratio as shown in Fig. 6 (a) (stiffness ratio 8 and 0.125) and Fig. S3 (c) † (width w ¼ 1.2 nm). The negative Poisson's ratio at the initial stage results from the "straightening" and thus "elongation" of the transverse group induced by rotation of junctions due to the bending deformation of the axial group. In contrast, as the axial group is fully straightened out, the deformation of the axial group would not induce rotation of junctions, leading to zero Poisson's ratio. Given that the out-of-plane bending stiffness is sufficiently large, 2D lattice structures here would experience smooth transition from negative Poisson's ratio to zero Poisson's ratio.
To understand the mechanical anisotropy effect from the perspective of the atomic structure, bond length changes are analyzed as shown in Fig. 7. Fig. 7(a) shows the bond length distribution of the transverse group when the axial strain is 0.2, in which the bond distribution for stiffness ratio 8 is skewed when compared with that for stiffness ratio 1. As discussed in Section 3.1, the transverse group experiences pure bending during uniaxial tension along the axial direction, and as such the bonds in the transverse group experience elongation or compression depending on the local bending moment generated. When the stiffness ratio is larger than 1, indicating that the initial bending stiffness of the transverse group is smaller than that of the axial group, the transverse group can be straightened more easily, comparatively. Consequently, the bonds in the transverse group experience larger changes in length than their counterparts when the stiffness ratio is no larger than 1, due to the difference in bond stiffness and geometry. This mechanism can be further conrmed in Fig. 7(b) , which shows the standard deviation of bond lengths in the transverse group, s bond . As shown in Fig. 7(b) , the values of s bond are larger at lower strain as the stiffness ratio increases from 0.125 to 1 to 8. The uctuation of s bond could be attributed to the boundary conditions in the y direction, where pressure is controlled through controlling the box size in the transverse direction during axial elongation. Fig. 8 shows the stress prole at a strain of 0.2 for stiffness ratios of 8 and 0.125. It can be seen that the stress intensity of the transverse group for a stiffness ratio of 8 is lower and occurs over a smaller area. Based on the theory of elasticity, stress on a certain point of the cross section is proportional to both the curvature change and Young's modulus. For both cases with different stiffness ratios, the geometrical shapes of the transverse groups are identical. On the one hand, from Fig. 6(a) , it can be seen that the transverse strain for a stiffness ratio of 8 is roughly 2 times that for a stiffness ratio of 0.125, indicating that the curvature change for a stiffness ratio of 8 is roughly 2 times that for a stiffness ratio of 0.125. On the other hand, the Young's modulus of the transverse group for a stiffness ratio of 8 is 0.125 times that of the transverse group for a stiffness ratio of 0.125. Therefore, at a given location, the stress of the transverse group for a stiffness ratio of 8 is roughly 0.25 times that for a stiffness ratio of 0.125. Consequently, the stress intensity for a stiffness ratio of 8 is much lower than that for a stiffness ratio of 0.125, as shown in Fig. 8 . Overall, from these results, we can clearly see the major impact of stiffness anisotropy on the mechanical properties and behaviors of lattice-like metamaterials.
Conclusions
In this paper, we investigate the auxeticity of the proposed 2D lattice structure made of 2D materials through a systematic study of the effects of both geometrical factors and tuned mechanical anisotropy through implementing CG-MD simulations. First, the results indicate that the deformation of the proposed 2D lattice structure can be divided into two stages, namely bending-dominated, in which the Poisson's ratio is constant and negative, and stretching-dominated, where the Poisson's ratio becomes positive. The auxeticity could be attributed to the cooperative deformation of the axial group and the transverse group, where the bending moment generated by tension on the axial group causes rotation of the axial/ transverse junctions, thus straightening out the transverse group. The transition between bending-dominated and stretching-dominated stages is associated with out-of-plane buckling, leading to the transition from a negative to a positive Poisson's ratio. Second, a systematic study of the effect of geometrical factors on Poisson's ratio reveals that it increases with the increase of amplitude/wavelength ratio A, representing the curvature of the beams, and that the Poisson's ratio reaches saturation at A ¼ 0.225. Finally, the effect of mechanical anisotropy of the underlying 2D material forming the lattice on the structure's auxeticity is investigated. The results indicate that the magnitude of Poisson's ratio increases with the increase of the stiffness ratio between Young's moduli in the loading direction and the transverse direction. Additional allatom MD simulations for phosphorene, graphene, and molybdenum disulde were also performed to validate the relationship observed between the stiffness ratio and Poisson's ratio, indicating the general applicability of the obtained rule to 2D materials. The above relationship between the stiffness ratio and Poisson's ratio could be attributed to the cooperative deformation of the transverse and axial groups, in which the transverse group is more easily straightened at lower stiffness.
Overall, these research ndings can provide useful guidelines for the design of auxetic 2D lattice structures composed of anisotropic 2D materials, allowing for a tunable negative Poisson's ratio.
Conflicts of interest
There are no conicts to declare.
